ABSTRACT: Multicomponent supramolecular gels have great potential for optoelectronics. Ideally, we could control the self-assembly of multiple components across many length scales, from the primary assembled structures to how these are arranged in space. This would allow energy transfer between p-type and n-type fibers to be controlled. Usually, a single network is formed and analyzed. It is not clear how most networks could be modified, and certainly not how these might be differentiated. Here, we address both of these issues. We show how the different components in a multicomponent gel can be differentiated by small-angle neutron scattering using contrast-matching experiments. The rate of selfassembly can be used to vary the networks that are formed, leading directly to changes in the efficiency of electron transfer. The assembly kinetics can therefore be used to prepare different networks from the same primary building blocks and primary self-assembled structures. We expect that these advances will allow multicomponent systems to become effective electronic materials. L ow-molecular-weight gelators (LMWGs) are molecules that can self-assemble into supramolecular fibers.
L ow-molecular-weight gelators (LMWGs) are molecules that can self-assemble into supramolecular fibers.
1,2 Gels result from the entanglement and/or cross-linking of these fibers. Mixing LMWGs offers an opportunity to prepare useful networks and materials that cannot be achieved with a single component. 2−6 If two different LMWGs are mixed, different outcomes are possible, all of which have potential opportunities. 2,3,7−9 The LMWGs can mix such that any one supramolecular fiber contains both the gelators. Alternatively, self-sorted systems can be formed; here, each fiber contains only one of the LMWGs. Conceptually, it is possible to have cases where neither extreme occurs. Mixed LMWGs can be used therefore to prepare different network types, for example, where one LMWG forms the host fiber, while the second LMWG provides the active site. 6 While this primary assembly level is used to define the system, useful properties often arise out of the next level of hierarchy, namely how these fibers interact. 2 Bulk heterojunctions have been formed using self-sorted LMWGs. 10−12 One LMWG forms n-type fibers and the other p-type fibers. Where these touch, a p-n heterojunction is formed. 10 This method therefore allows the formation of useful electronic materials from cheap and easily synthesized molecules. 11, 13, 14 We are investigating a system where an n-type perylene bisimide (PBI) LMWG (1, Figure 1 ) gels in the presence of a p-type stilbene-based LMWG (2, Figure 1) . 15 A self-sorted system can be formed using a slow pH change. Electron transfer was shown by transient absorption spectroscopy (TAS); incorporating the p-type LMWG resulted in a change in the wavelength response of the photoconductivity of the system. 15 1 alone is only photoconductive when irradiated with a wavelength below 400 nm, whereas the inclusion of the stilbene-based LMWG results in activity above 400 nm.
The challenge here is that the properties of the final material are controlled by the interactions between the fibers. A real hurdle to exploiting mixed LMWG systems is that there is no way of controlling or predicting in advance these interactions. It is conceptually possible for the fibers to not interact at all (giving the supramolecular equivalent of an interpenetrating polymer network), or interaction strongly leading to fibers intimately wrapping around each other, or somewhere in between ( Figure 1b) . 2 On top of the lack of predictability, many of these materials are kinetically trapped, and multiple states are possible from the same mixtures. It is also extremely difficult to tell what has been formed. 16 For example, in many cases, the fibers are very similar and so imaging fibers and proving the network type is rarely achieved. This is a major stumbling block for developing and using mixed LMWGs for useful materials. Here, we show the networks can be modified and the result on their photoresponsive behavior.
To prepare self-sorted systems from 1 and 2, a solution at pH 10.5 is first prepared (we use both H 2 O and D 2 O, but for convenience refer only to pH) which contains both LMWGs at a concentration of 5 mg/mL. This solution is then acidified by the addition of glucono-δ-lactone (GdL). 17, 18 GdL slowly hydrolyzes to gluconic acid, resulting in a slow, uniform, reproducible change in the pH. The self-assembly can be followed using different techniques with time, allowing us to show self-sorting by NMR (by sequential disappearance of the signals from each gelator), pH measurements (allowing us to link the different structures to the pK a of the LMWG), and rheology (showing evolution of the gel structure). We have previously used these approaches to show that 1 and 2 self-sort on gelation. 15 It is unlikely that either 1 or 2 is unimolecularly dissolved at high pH before gelation, as this class of gelator tends to form micellar aggregates at high pH. 2 While self-sorting occurs, this shows only that the fibers contain each of the individual LMWG. It does not inform about the network; self-sorting of the primary fibers is entirely consistent with either of the cartoon networks in Figure 1b , for example. 16 However, to understand the electronic properties, we need to be able to understand the networks since the p-n heterojunctions are formed where the fibers interact.
10 It is extremely difficult to do this. The examples where self-sorting has been demonstrated (as opposed to implied) at the network level often rely on drying. 15, 19, 20 This can lead to significant changes. 21 Rare examples of imaging in the solvated state require selective staining of the LMWG. 4, 22 An alternative approach is to use small-angle neutron scattering (SANS) combined with contrast matching. SANS has been used previously to probe the self-assembled networks formed by a number of LMWGs.
23−27 SANS has the advantage over microscopy of being a bulk measurement and so does not just probe a small fraction of the sample. The scattering intensity in SANS is determined by the contrast difference between the LMWG and the solvent. 28 This can be changed by varying the ratio of D 2 O to H 2 O. Each LMWG will have a different scattering length density (SLD) depending on its chemical composition, and hence the ratio of H 2 O to D 2 O at which the contrast of the LMWG and the solvent are matched will be different. It is therefore possible to choose one solvent ratio such that 1 effectively does not scatter but 2 does, and a different ratio where 1 scatters but 2 does not. These data can be compared to the sample in pure D 2 O where both scatter. Hence, it should be possible to probe the individual networks (cartoon in Figure 2 ). Gels were prepared from either 1 or 2 in a range of ratios of D 2 O to H 2 O. As expected from the calculated SLD values for 1 and 2, 29 1 was essentially contrast matched in a mixture of 60% (Figures 2 and S2) . Similarly, 2 was essentially contrast matched at 45% D 2 O in H 2 O (v/v). Hence, we collected data for the gel of 1 only, the gel of 2 only and the mixed gel of 1 and 2 in 45% D 2 O and 60% D 2 O.
In 45% D 2 O, the gel of 1 alone scatters well (Figures 2 and  S4) . The data can be fitted to a cylinder model coupled with a power law to take into account the scattering at low Q ( Figure  S4 and Table S1 ). The fits imply that the structures have a radius of 7.2 ± 0.1 nm, and a length that is outside the meaningful range of the fit (>1000 nm). Similarly, in 60% D 2 O, 2 alone scatters well and the data can be fitted to a flexible cylinder model ( Figure S5 and Table S2 ). The fit implies that the structures have a radius of 3.2 ± 0.2 nm, a Kuhn length of 6.0 ± 0.3 nm, and a length that is again outside the meaningful range of the fit.
From our previous data, 15 changing the pH leads to sequential assembly of 1 and 2 to form the self-sorted system. Conceptually, templating of structures could occur for either system, and fibers of either 1 or 2 might be affected by the presence of the other. For the mixed gel in 45% D 2 O, the scattering is very similar to that of the gel of 1 alone (Figure 2) . The data can again be fitted to a cylinder model coupled with a power law, with the fit implying that the structures have a radius of 6.1 ± 0.1 nm, and a long length. These values are extremely close to the data for 1 alone (Table S1) implying that 1 forms the same structures when self-assembled in the mixed system as in the pure system.
In the mixed gel at 60% D 2 O, we expect only 2 to scatter. The scattering is however very different to that of 2 alone. The fit to the data using a flexible cylinder model shows that the structures have a radius of 6.1 ± 0.4 nm, a Kuhn length of 11.8 ± 0.4 nm, and a long length (Table S2) . Hence, in the mixed system, the structures formed by 2 are heavily affected by having formed in the presence of 1. We believe this is first example that has determined differences in the fibrous structures formed in a self-sorted system at this length scale.
Generally, for self-sorted gels, a single set of conditions is used. It is important to be able to affect and control the properties of the system. Ideally, one would be able to change a specific system and observe the outcome. The assembly here is driven by the change in pH. The rate of hydrolysis of GdL is temperature dependent, allowing control over the assembly. 18, 26 While gelation at 25°C results in sequential assembly of the gelators as shown by the rates at which the peaks disappear from the NMR spectra for 1 and 2 (Figure 3a) , at 30°C the results are less clear (Figure 3b ). The signals for 1 and 2 disappear simultaneously throughout the gelation process, although as a fraction 1 still assembles before 2. These data are consistent with either co-assembly, self-sorting (assuming the structures would rather self-sort even when they assemble at the same rate), or a mixture of co-assembly and self-sorting occurring. Using SANS, the structures formed at 30°C are essentially identical to those formed at 25°C ( Figures S4 and  S5 , Tables S1 and S2), implying that self-sorting is still occurring. The gels formed from 1 or 2 alone are stiffer when prepared at 30°C as compared to 25°C, as is the mixed gel ( Figures S9 and S10) . Therefore, at the primary fiber level, the structures are similar at 25 and 30°C, but there are differences in the networks.
When this system is used as a bulk heterojunction, the heterojunctions are where the fibers of 1 and 2 are sufficiently close in space to allow electron transfer. Hence, it is the network level assembly that is important. To probe differences, we used electron paramagnetic resonance (EPR). On irradiating 1 with UV light, the radical anion is formed, which is EPR active. 30 Adding 2 means that the radical anion can be formed by irradiating at higher wavelengths 15 As expected, no radical anion is formed when gels of 1 formed at either temperature are irradiated at 420 nm ( Figure  4) . 15 In comparison, the radical anion was formed in the mixed gel of 1 and 2. Despite the primary structures being very similar (see above), there are differences in the amount of radical anion that is formed from the gels. Significantly more radical anion is formed from the gel prepared at 30°C. This strongly implies that the networks are different, with more opportunity for electron transfer from 2 to 1 at 30°C.
Hence, we have addressed two key issues which are currently hindering the use of multicomponent supramolecular gels. We show how the kinetics can be manipulated to optimize the specific properties of the system and, importantly, how such systems can be characterized. The underlying self-assembled structures are very similar; instead, it is the organization of these structures that is affected. We expect that these advances will allow multicomponent systems to become effective electronic materials. 
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